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Bacteria, or bacteria-derived products, might be responsible
for deleterious effects in hemodialysis patients. Most
microorganisms in hemodialysis water, including potential
pathogens, are difficult to isolate and might subsist in a
‘viable but not culturable’ state or may need specific culture
media. A molecular culture-independent approach based on
the analysis of the 16S rDNA obtained from total DNA has
been used to better know the diversity of bacteria inhabiting
hemodialysis water and fluid, and to address the possible
health effects associated with their presence. Four clone
libraries from 16S rDNA (274 clones) were analyzed to
characterize the species or groups of bacteria present, to
assess their distribution in the water circuit, and to compare
the results with those previously obtained in culture-
dependent analysis. One hundred and ninety-seven clones
of four gene libraries were analyzed by sequencing, and
were identified phylogenetically. Clones affiliated to the
Alphaproteobacteria group led the diversity. The presence
in several samples of Alpha-4-proteobacteria, recognized
as sphingolipids producers, was to be noted. The most
abundant clones were affiliated to the Betaproteobacteria
branch, closely related to the genus Herbaspirillum. As
known, Alphaproteobacteria and Betaproteobacteria genomes
might present a manifest excess in CpG sequences and most
of them show a lipopolysaccharide-rich outer membrane,
both described as inducers of innate immunity responses.
Another abundant group, belonging to the Cyanobacteria
class, a possible source of cyanotoxins, was not related to any
previously cultured bacterium. Possible risk implications for
hemodialysis patients of the bacterial community detected
are discussed.
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Methods for the purification of water used in hemodialysis
include various strategies to remove chemical contaminants
and microorganisms: reverse osmosis, active carbon filters,
sub-micron filters, regularly disinfection, etc. Although the
water used in hemodialysis is not sterile, the levels of bacteria
and bacteria-derived products have to be kept low. Bacteria,
or bacterial products, such as lipopolysaccharides (LPS),
glycolipids, cyanotoxins, peptidoglycans, phosphatidy-
linositols, or short bacterial DNA fragments (oligodeoxy-
nucleotides) might be responsible for deleterious effects
on hemodialysis patients, and be the cause of chronic
inflammation.1,2
Microbiological quality is determined routinely by the
numbers of culturable bacteria. In a previous study on the
microbiological quality of hemodialysis waters, we demon-
strated the high diversity of bacteria reaching hemodialysis
monitors by identifying culturable bacterial cells in Reason-
er’s 2A (R2A) medium,3 but not all the bacteria present in a
water sample might be cultivated in standard growth media,
particularly when samples are taken from such high
oligotrophic habitats as hemodialysis waters. Certain organ-
isms, including potential pathogens such as Afipia sp and
Legionella sp, are difficult to isolate and quantify from
environmental water samples, whereas many others might
subsist in the ‘viable but non-culturable’ state.4,5
Since the 1980s, molecular methods for studying the
diversity of microorganisms in environmental waters have
given abundant information about the composition of the
microbial communities without the need for previous culture
in the laboratory. More than 90% of the bacteria present
might be in this ‘viable but not culturable’ state. Most aquatic
forms prefer their native environment for growth, instead of
laboratory culture media. In fact, only 0.01–0.1% will grow by
conventional methods.6 The development of simple but
robust molecular techniques, such as gene amplification by
polymerase chain reaction (PCR) of total DNA in the sample,
cloning and sequencing, has permitted high-resolution
analysis of complex communities. The DNA sequence that
codifies the 16S ribosomal RNA (rRNA) subunit is the one
most frequently used in environmental studies. The ubiquity
of these rRNA molecules in all forms of cellular life allows
comparative analysis of sequences between organisms. The
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rRNA sequences include highly conserved motifs and more
variable regions, allowing the identification of the bacteria
until species level7,8 and the establishment of phylogenetic
relationships between species or genera. These kinds of
analyses are easier because of the availability of rRNA
sequence databases. The spread of molecular methods has led
to an explosion in microbe-diversity studies.
To assess the complexity of microbial communities in
hemodialysis water, culture-based techniques must be
complemented by the information gained from culture-
independent analysis, using either bacterial community DNA
fingerprinting techniques or direct identification via sequen-
cing of 16S rDNA clone libraries (Figure 1). Such a culture-
independent study was performed. It analyzed water samples
taken at four different points in a standard water purification
and distribution system of a hemodialysis unit at the Son
Lla`tzer Hospital (Palma de Mallorca, Spain), previously
analyzed by culture methods (Figure 2).3 Analyses were
carried out before changing to a new system producing
ultrapure water.
RESULTS
Clone libraries
To identify bacteria at the four sampling points and to detect
the possible effects of hyperchlorination on these bacteria,
four 16S rDNA clone libraries were obtained at sampling
points 2, 3, and 4. As bacterial contamination in samples 2
and 4, following hyperchlorination, and in sample 1, before
and after hyperchlorination, was very low (less than 1 colony
forming unit/ml), sufficient DNA for cloning could not be
obtained. A total of 274 clones (53 in the clone library for
sample 2BH (before hyperchlorination), 102 for sample 3BH,
21 for sample 4BH, and 98 for sample 3AH (after
hyperchlorination)) were characterized and grouped by their
restriction fragment length polymorphisms (RFLPs). One
hundred and forty-two phylotypes were detected among the
274 clones. Four percent of phylotypes (five out of 142) were
present in more than one of the clone libraries (2B, 3B, and
3A), 87% were unique to sample 2B, 90% of the patterns
were unique to sample 3B, and 94% were unique to sample
3A. All patterns in sample 4 were unique, and were not
present in the other samples.
Phylogenetic analysis of 16S rDNA sequences
A total of 198 out of 274 clones were further analyzed
(70–80% from each sample) by sequencing. Seventy-six
clones (27.7%) corresponding to unique phylotypes were
omitted from further study. One or two clones were selected
from the most abundant phylotypes, sequenced and then
phylogenetically affiliated to the closest relatives in the
databases for each group, genus or species level, depending
on the similarity values of sequences in the databases.
Sequences with similarities greater than 96–97% were
grouped together and assigned to the same species or
phylogenetic group. Results are indicated in Table 1 and
Figures 3 and 4. The phylotype abundance for each species,
genus or group is indicated in brackets. Two chimeric
sequences obtained were omitted from the analysis. Only five
of the 140 phylotypes detected among the 272 clones were
present at more than one sampling point: two phylotypes of a
cyanobacterium related to mlel-12 at samples 2BH and 3BH;
two clone phylotypes related to bacterium Ellin 331 at 2BH,
3BH, and 3AH; and the most abundant phylotype in the
clones related to Herbaspirillum at 3BH and 3AH.
Phylogenetic analysis
 Tree showing 16S rDNA variability
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Figure 1 | Schematic representation of the study.
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Figure 2 | Sampling. Four samples were collected: point 1 after
the first water treatment system, which performs chlorination,
particle filtering, decalcification, and reverse osmosis of community
water, before it enters the reservoirs; point 2, at the outlet of the
repositories collecting pretreated water; point 3, at the connection
port of the distribution ring, before water enters the dialysis monitor;
and point 4, was the dialysis fluid at the dialyzer, after the dialysis
bath was reconstituted and passed through a polysulfone filter.
Samples were taken 1 day before, and 2 days after routine monthly
hyperchlorination (30 p.p.m.) disinfection, with sodium hypochlorite.
The hypochlorite circulated through the distribution loop during the
disinfection process during 12 h at room temperature. All samples
were collected disinfecting the sample port with ethanol at 70%. The
sample 4 was collected directly by disconnecting the dialysate line
from the dialyzer. Sampling points will be numbered 1, 2, 3, or 4,
and samples classified as (BH) before or (AH) after the
hyperchlorination step.
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Bacterial diversity
Bacterial diversity for each library was estimated by
using rarefaction curves and plotting the richness of
RFLPs (treating each RFLP as a distinct phylotype) as a
function of the number of clones analyzed. Figure 5a
shows that the number of clones analyzed did not reach a
saturation curve, indicating that the actual diversity
was greater than that detected. To determine how well
the sampling captured the total diversity, C was also
calculated for RFLP patterns. It varied at the different
sampling points between 10% (point 4BH) and 68% (point
2BH; Table 2). Coverage was calculated to be 56% for
the four samples taken together, both before and
after hyperchlorination. On weighting all the obtained
phylotypes as representative of the entire system, the
rarefaction curve did not reach a saturation profile. However,
the genera (or bacterial group) richness calculated for the
entire system was 20.9 (coverage index of 96.43%), with 21
detected, indicating that most of the diversity was indeed
analyzed (Figure 5b).
Table 1 | Clones of the different libraries, their affiliation, nearest relatives, similarity in percentage, and accession numbers
Group Closest described bacteria Clonesa Similarity (%)b GenBank accesion no.
2BH
Alphaproteobacteria Afipia broomeae 3 99 (753) AM087473
Bacterium Ellin331 (Azospirillum sp) 6 (4+2) 97 (764) AM087487
Gammaproteobacteria Escherichia coli 1 99 (777) AM087502
Legionella sp 1 96 (794) AM087508
Bacteroidetes Uncultured bacterium X4 1 92 (761) AM087522
Firmicutes Bacillus sp 3 98 (800) AM087532
Cyanobacteria Uncultured bacterium mlel-12 25 (20+2+2+1) 95 (739) AM087533, AM087537
AM087539
3BH
Alphaproteobacteria Afipia/Bradhyrhizobium 1 99 (777) AM087472
Bacterium Ellin331 (Azospirillum sp) 7 (4+1+1+1) 98 (808) AM087480–AM087482
Novosphingobium sp 2 97 (769) AM087479
Rhizosphere soil bacterium 1 96 (824) AM087476
Rhodopseudomonas 1 94 (756) AM087477
Betaproteobacteria Herbaspirillum sp 33 (1+30+2) 95 (802) AM087494, AM087497
AM087498
Gammaproteobacteria Uncultured bacterium DSSD31 10 (1+9) 92 (784) AM087512–AM087514
Bacteroidetes Uncultured bacterium X4 2 (1+1) 98 (795) AM087519–AM087520
Cyanobacteria Uncultured bacterium HOC1Ci9 4 (1+1+1+1) 97 (813) AM087545–AM087547
Uncultured bacterium mlel-12 10 (2+1+7) 92 (751) AM087534, AM087535
AM087540, AM087541,
AM087544
Actinobacteria Arthrobacter sp 1 98 (780) AM087525
4BH
Alphaproteobacteria Methylobacterium 2 99 (716) AM087474–AM087475
Paracoccus sp 1 100 (830) AM087478
Gammaproteobacteria Escherichia coli 5 (1+1+1+1+1) 99 (744) AM087500, AM087501,
AM087504–AM087506,
AM087503
Klebsiella/Enterobacter 1 99 (699) AM087529, AM087531
Firmicutes Bacillus sp 2 (1+1) 98 (689) AM087528
Jeotgallibacillus psychrophylus 1 99 (796) AM087526, AM087527
Staphylococcus sp 2 (1+1) 99 (754) AM087523–AM087524
Actinobacteria Arthrobacter sp 2 (1+1) 98 (802)
3AH
Alphaproteobacteria Bacterium Ellin 331 (Azospirillum sp) 13 (2+7+1+2+1) 98 (781) AM087483–AM087486
Betaproteobacteria Aquabacterium sp 1 99 (808) AM087488
Herbaspirillum sp 32 (1+27+1+1+1+1) 95 (749) AM087489–AM087493,
AM087495, AM087496
Gammaproteobacteria Uncultured bacterium DSSD31 14 (1+1+9+1+1+1) 92 (796) AM087507
AM087509–AM087511
Bacteroidetes Uncultured bacterium X4 1 99 (720) AM087515–AM087518
AM087521
Firmicutes Bacillus sp 1 98 (780) AM087530
Cyanobacteria Uncultured bacterium mlel-12 6 (1+3+1+1) 92 (834) AM087536, AM087538
AM087542, AM087543
aNumber the clones of each group, and in brackets the number of the clones for each of the different phylotypes.
bSimilarity percentage with recognized species, and in brackets the sequence nucleotide length.
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Both the genera and species diversity represented by the
different RFLPs for each sample were evaluated using the
richness, Shannon (H), Simpson, Chao1, and evenness
indices (Table 2). Diversity indices varied between sampling
points in the water distribution system. Although phylotype
richness and diversity were at least twice as great at sampling
point 3 than at others, both abundance and dominance
indices were very similar.
Figure 3 | Phylogenetic affiliation of the sequenced clones in the Alphaproteobacteria group. Clones are designated by sampling point
(2, 3, or 4), before or after hyperchlorination (B or A), CL followed by the clone number. 16S sequences of isolates obtained from the same
sampling, reported in a previous study,3 are also included in the phylogenetic trees (strains designation indicated by MG). Accession numbers
are indicated in brackets.
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DISCUSSION
Bacterial community analysis
A diverse and complex bacterial community was detected through-
out the water circuit. Clones affiliated to the Alphaproteobacteria
group led the diversity (n¼ 37; 13%): they were present in all the
samples studied. Cultures of three groups (Afipia/Bradyrhizobium,
Methylobacterium, Novosphingobium) were also obtained in the
culture-dependent approach.3
Clones affiliated to the class Betaproteobacteria (n¼ 66;
24%) were the predominant phylogenetic group observed at
sampling point 3. However, they were not present at points 2
and 4. The predominance of dinitrogen-fixing bacteria, as are
Figure 4 | Phylogenetic affiliation of the sequenced clones in the Betaproteobacteria group. Clones are designated by sampling point (2,
3, or 4), before or after hyperchlorination (B or A), CL followed by the clone number. 16S sequences of isolates obtained from the same
sampling, reported in a previous study,3 are also included in the phylogenetic trees (strains designation indicated by MG). Accession numbers
are indicated in brackets.
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members of the genus Herbaspirillum, indicates the physio-
logical relevance of this capacity for bacterial growth in the
circuit. This genus was also detected in culture-dependent
analysis.3
The abundance of cyanobacteria was an unexpected result
of the present study, as the whole water system (repositories,
PVC pipes, filters) is located in the dark. Most cyanobacteria
are obligate phototrophs, which cannot grow in the dark with
organic compounds. Whether they are active in the bacterial
community or only consist of passively transported allo-
chthonous bacteria cannot be determined at this time.
Treatment by filtering at the beginning of the circuit should
eliminate most cyanobacteria present in community waters.
However, chemo-organotrophic growth of cyanobacteria
within the circuit cannot be excluded, and warrants further
study. It is worth noting that nitrogen-fixing species are
commonly found in cyanobacteria.
As expected, the estimated diversity of clone libraries for
each sampling point was higher than that calculated in the
culture-dependent study. Although the most abundant
cultured bacteria identified corresponded to the mycobacter-
ial group (Mycobacterium abscessus, Mycobacterium chelonae,
Mycobacterium peregrinum), none were found in the clone
libraries. Chemolithotrophic bacteria isolated in this previous
study (Cupriavidus necator – formerly eutrophus, ‘Pseudomo-
nas saccharophila’, etc.) were not detected in the DNA-based
study, either. These pronounced differences between cultur-
ing and culture-independent techniques are difficult to
explain. Phylogenetic trees (Figures 3 and 4) include
sequences obtained by both methods. In the DNA-based
analysis, possible biases associated with DNA recovery, PCR
amplification, and DNA cloning are well documented.9,10
The efficiency of cell lysis or other PCR protocols might
also explain such differences, although these were not
evident when pure cultures were lysed. This finding may
also indicate that the ratio of non-cultured bacteria is very
high in comparison with those cells able to grow in R2A
medium.
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Figure 5 | Richness curves of the clones calculated by rarefaction.
(a) Phylotype richness at sampling points 2, 3, and 4 before
hyperchlorination (BH), and point 3 after hyperchlorination (AH).
(b) Phylotypes and species richness, with consideration of the
diversity in the entire system.
Table 2 | Diversity and coverage indexes of phylotypes in 16S rDNA clone libraries from different points in the water
distribution system of hemodialysis plant
Sampling points
Before hyperchlorination
After hyperchlorination
All
2 3 4 3 Phylotype Genera
E(S) (richness) 23.7 50.2 17.2 52.5 139.1 20.9
Schao1 58.51 195.08 97.75 415.94 854.60 24.46
d (Phylotypes richness) 13.33 24.89 13.83 26.17 57.09 8.72
H (Shannon index) 2.53 3.78 2.92 3.22 4.04 2.07
E (Evenness) 0.79 0.96 0.99 0.81 0.81 0.68
D (Simpson’s index) 0.83 0.89 0.94 0.90 0.94 0.81
D/Dmax 0.87 0.91 0.94 0.92 0.94 0.85
C (Coverage) 67.92% 58.8% 10% 51.55% 55.88% 96.43%
Analyzed clones 53 102 20 97 272 272
Different phylotypes/genera 24 51 19 53 140 21
Unique clones 17 42 18 47 120 7
Shannon index: H=Spi ln pi, where pi is the ratio of clones for each phylotype.
Evenness index: E=H/ln S; where S is the number of phylotypes.
Simpson’s index: D=Spi
2. As the scale for D varies between communities according to S, measurements were standardized by Dmax division, where Dmax=1(1/S).
Phylotype richness (d) was calculated as d=(S1)/log N, where N is the total number of clones analyzed.
Coverage index (C) was calculated as C=1(n/N), with n being the number of phylotypes appearing only once.
SChao1 estimator is calculated as SChao1=Sobs+F1
2/2(F2+1)F1F2/2(F2+1)2, where Sobs is the number of phylotypes observed in the library, and F1 and F2 are the number of
phylotypes occurring either once or twice.
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Bacteria detected by direct DNA analysis, but undetected
in culture media, may either be uncultivable in the chosen
medium (R2A in this study) or simply be non-viable. R2A is
a non-selective medium used for heterotrophic plate counts
of water samples, and was adequate for detecting the high
diversity of culturable organisms in the Betaproteobacteria
subclass. However, the clone library obtained by this study
detected only members of the genus Herbaspirillum within
the Betaproteobacteria, which is the most abundantly
represented genus in the clone library. Other selective media
and growth conditions are clearly needed for the culturing of
cyanobacteria, such as those detected in this culture-
independent analysis. Incorporating a greater variety of
media and culturing conditions may well increase the range
of organisms recovered. However, this method may still not
recover all the viable organisms, in particular those with
specialist growth requirements.
The similar ratio of different bacterial groups at sampling
point 3, both before and after hyperchlorination, suggests
that these organisms in the community are not sensitive to
the disinfectant process. Rather, they survive, most probably,
because they are protected within biofilms or are building
aggregates in suspension. This point is located at the
connection between the water distribution loop and the
individual hemodialysis monitor, representing a stagnant
phase that favors biofilm formation. This conclusion is also
supported by the diversity indices obtained from clone
library analysis. Chlorine has been described as ineffective
against biofilms, once they have been formed, and some
genera, such as Mycobacterium and Methylobacterium, are
known to be more resistant to chlorine disinfection.11–13
Some of the bacteria isolated, such as Sphingomonas and
Pseudomonas aeruginosa, have been described previously in
biofilms as responsible for the production of slime, relevant
for the attachment of cells to surfaces.14 Mycobacteria also
have hydrophobic surfaces, such as Sphingomonas, facilitating
the formation of biofilms.15
There was a clear difference between sample point 4 and
the remaining samples. The sample was taken at the dialysis
monitor outlet, immediately following reconstitution and
filtering of the hemodialysis fluid. The monitor is disinfected
twice daily with both peracetic acid and hydrogen peroxide
(Puristeril 340) at 371C. Unique phylotypes, representative of
the Gammaproteobacteria, firmicutes, and actinobacteria
groups, were predominant at this point, but accounted for
only 21 clones of the total studied. Moreover, enterobacteria
and staphylococci were also present, a striking difference
from the bacterial types detected at the other sampling
points. These bacteria should not be present in natural or
pure waters, owing to their ecological properties. They were,
however, detected in very low numbers, and may originate in
the external handling of dialysis equipment.
Hazards for patients in hemodialysis treatment
Some organisms found in hemodialysis water may represent
a health risk to patients, by acting as producers of invasive
diseases or as inducers of immunological responses driven by
ligands derived from damaged cells (sterile inflammation)
associated with hemodialysis treatments. We consider the
characterization of the bacterial community in the system,
including possible pathogenic bacteria or opportunistic
pathogens, as important for research purposes in the field
of the microbiology of hemodialysis systems, and to orienting
strategies to reduce chronic inflammation in hemodialysis
patients.
Species or genera described in this study are known
causative agents of infections in hemodialysis patients:
Acinetobacter, Afipia bromeae, Bacillus cereus, Methylobacter-
ium (sepsis associated with hemodialysis), M. abscessus,
M. mucogenicum, and M. chelonae (infections in dialysis
patients, contamination of laboratory reagents in hospitals),
or Stenotrophomonas maltophilia.16,17
The Alphaproteobacteria (Afipia, Bradyrhizobium, Mesorhizo-
bium, and Rhizobium) are nitrogen-fixing bacteria acting as
symbionts in roots of leguminous plants, but some of them,
such as Bradyrhizobium and Afipia, have been linked to human
infections. The same involvement in disease occurs with the
Betaproteobacterium Herbaspirillum, known as a nitrogen fixer
in graminaceous plants, by growing endophytically and
colonizing roots, stems, and leaves.18
Most of the bacteria identified might be producers of
derived molecules known as inducers of immunological
responses: membrane derived products or particular oligo-
nucleotide sequences. Both are recognized stimulators of the
innate immune system, which sits at the intersection of the
pathways of microbial recognition, inflammation, microbial
clearance, and cell death. In mammals, the main function of
the innate immune system is to detect the presence of
invading microorganisms, and also the response in sterile
inflammation. In both infection and sterile inflammation, the
innate immune system uses receptors that include members
of the toll-like receptor family.19 The targets of the innate
immune recognition have features in common: they
represent molecular patterns that are characteristic of
microorganisms but not host cells, and the molecular
patterns recognized are invariant among large groups of
often unrelated pathogens. In this respect, various bacterial
molecules are involved as inducers of innate responses:
oligodesoxynucleotides such as the unmethylated CpG
dinucleotide,20 components of the outer membrane of
Gram-negative bacteria (glycosphingolipids21 and LPS22),
and mycobacterial phosphatidylinositol mannoside.23
The highly conserved nature of the 16S rDNA sequences in
all bacterial genomes does not allow a differential analysis in
terms of the specific CpG motifs present in a species or
genus, as for this the analysis of nucleotide sequences of
whole bacterial genomes is necessary. This has not been
achieved until now for most species. However, high GþC
content in the genome is associated with a higher frequency
of CG pairs and, thus, with a significant increase of CpG
immune stimulator sequences.24 All Alpha and Betaproteo-
bacteria obtained in this study have high GþC content,
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between 60 and 72%,18 and it is known that Alphaproteo-
bacteria genomes have a clear CpG excess.25 CG over-
representations also stand out in several genomes of
Betaproteobacteria and in Bacillus,26 in contrast with extreme
CG under-representation in human DNA, as occurs in all
mammalian genomes and in all animal mitochondrial
genomes.27 The response to CpG oligodesoxynucleotides
skews the host’s immune milieu in favor of T helper 1-cell
responses and proinflammatory cytokine production.28,29
The innate immune system detects unmethylated CpG DNA
by TLR9, which acts as the natural ligand for bacterial DNA.
The outer membrane of Alpha-4-proteobacteria (e.g.
Novosphingobium, Sphingomonas) has a-linked glycosphingo-
lipids but not LPS. Natural killer T cells (NKT) recognize
glycolipid antigens presented by multiple histocompatibility
complex class I-related CD1d; and Sphingomonas glyco-
sphingolipids or in some cases glycosylceramides have been
shown to activate human NKT cells.30 CD1d-restricted NKT
cells are innate-like lymphocytes that express a conserved
T-cell receptor and contribute to host defense against various
microbial pathogens. There is evidence for microbial, antigen-
specific activation of NKT cells against Gram-negative,
LPS-negative Alphaproteobacteria, such as Sphingomonas.31
LPS also elicits a marked T helper 1 polarized response via
NKT cells and TLR4.
Mycobacteria possess phosphatidylinositol mannosides,
phospholipids recognized as natural antigen by T cells in the
context of CD1d.
The molecular pattern produced by the bacterial commu-
nity described in this study elicits immunological responses
in humans identical to the proinflammatory profile described
in response to chronic and acute hemodialysis treatment.32–34
Mainly, and in a first step, the induction of early-response
cytokines such as interleukin-1 and tumour necrosis factor-a,
followed by interferon-g production and the orientation of
helper T-cell subsets toward a T helper 1 profile.
Peptidoglycans and cyanotoxins act in a very different way.
Peptidoglycans, essential components of all bacterial walls,
are natural ligands of TLR2, being able to induce directly
proliferation of CD4þ Tregs that contribute to the main-
tenance of immunologic self-tolerance and negative control
of various immune responses.35 Cyanobacteria might also be
relevant for hemodialysis patients, owing to the possible
release of cyanotoxins (e.g. microcystins) into the fluid.16
Moreover, cyanobacteria are identified as an emergent
waterborne pathogen in tap water.36,37 Cyanotoxins are
known producers of acute blooms of toxicity.38 In some
populations, slow neurotoxin accumulation occurs, which
has been suggested as the origin of Alzheimer’s and some
other dementia-complex diseases.39
The results of this study, based on culture independent
methods, not only confirmed the presence of a diverse, poten-
tially pathogenic, microbial community in hemodialysis
waters, but also expanded our knowledge of the bacterial
diversity of this water system. To complement the results
obtained, the utilization of 16S rRNA as the target molecule
for community analysis via reverse transcription-PCR (RT-
PCR), and/or in situ fluorescent analysis with group-specific
probes (fluorescence in situ hybridization), will potentially
shed new light on the active bacteria in this habitat. An
overall conclusion encompassing the two studies conducted
thus far is that a combination of methods is needed for fuller
understanding of the oligotrophic bacteria at work in
hemodialysis water and their role in pathogenesis. In our
opinion, molecular methods will be simplified in the future,
will be extended into the microbiological water analysis, and
applied in clinical settings for the water quality assessment.
MATERIALS AND METHODS
Water system and sampling
Twenty liters of water from four sampling points were collected
aseptically during March 2003, 1 day before and 2 days after routine
monthly hyperchlorination (30 parts per million (p.p.m.)) dis-
infection (Figure 2). Samples were transported to the laboratory and
processed.
DNA extraction
Water samples were filtered through a 0.22 mm. filter (Millipore
GVWP04700, Durapores Membrane Filters), and total DNA was
extracted directly from the filter by bacterial cell lysis in 3 ml of
extraction buffer (100 mM Tris-HCl and 100 mM Na-ethylenediamine-
tetraacetic acid, pH 8) with sodium dodecyl sulfate (1%), proteinase
K (150mg/ml), lysozyme (3 mg/ml), and mutanolysine (1.7mg/ml),
followed by three cycles of freezing in liquid nitrogen and thawing at
651C. DNA was purified using the CTAB (cetyltrimethylammonium
bromide) method, followed by two successive extractions with
phenol:chloroform:isoamilic alcohol (25:24:1), and a last one with
chloroform:isoamilic alcohol (24:1). Total DNA was precipitated with
absolute ethanol and sodium acetate 3 M, pH 5.2. The pellet was
washed with ethanol 70% and resuspended in an adequate volume of
milliQ water.
16S rDNA clone library
Community rDNA was amplified with universal primers:40 16F27
(50-AGAGTTTGATCMTGGCTCAG-30) and 16R1492 (50-TACGGY
TACCTTGTTACGACTT-30). Each PCR mixture (50 ml) contained a
reaction mixture of 10 mM Tris-HCl, 50 mM KCl, 200 mM of each of
the four deoxynucleoside triphosphates (Amersham Pharmacia
Biotech Europe GmbH, Freiburg, Germany), 0.5 ml forward and
reverse primers (10 mM), 1.5 U Taq DNA polymerase (Amersham
Biosciences), and 10 ml template DNA. The reactions were
performed in an Eppendorf thermocycler, with an initial denatura-
tion of 5 min at 941C, followed by 30 cycles of 1 min at 941C, 1 min
at 551C, and 1 min 30 s at 721C. Following amplification, samples
were incubated at 721C for 10 min and then cooled at 41C. Five
microliters of amplified PCR products were analyzed by electro-
phoresis in 1% agarose gel and stained with ethidium bromide. The
amplified PCR product was then used to generate a clone library
with a TOPO TA cloning kit, in accordance with the manufacturer’s
instructions (Invitrogen Life Technologies SA, Spain). The PCR
product was ligated into the pCR2.1-TOPO vector, and then
transformed into competent Escherichia coli cells. Recombinants
were selected with 5-bromo-4-chloro-3-indolyl-b-D-galactopyrano-
side-isopropyl-b-D-thiogalactopyranoside indicator in Luria–Bertani
agar plates, supplemented with 100 mg of Ampicilline per milliliter.
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A clone library was created for samples 2, 3, and 4 before
chlorination (2BH, 3BH, 4BH), and for sample 3 following
hyperchlorination (3AH).
Screening of the libraries
Insertions of each clone were amplified with primers 16F27 and
16R1492, as described above. Ten ml of each gene amplicon was
digested separately with 1 U TaqI (4 h at 651C) and 1 U HaeIII (4 h at
371C) restriction endonucleases, according to the manufacturer’s
instructions (Boehringer-Mannheim, Germany), to determine the
characteristic RFLPs of each insert. Following incubation, the
resulting digestion products were separated by electrophoresis on a
3% agarose (Nusieve 1:1 agarose MP) gel at 80 V, followed by
ethidium bromide staining. Restriction patterns were analyzed both
visually and using an image analysis system (Whole Band Analyzer,
Bioimage), in order to group the patterns by similarity coefficient
using the Unweighted Pair Group Method with Arthmetic Mean
method, with allowance for a 5% discrimination level between
bands. Two clones were considered members of the same phylotype
when their RFLP patterns were identical in both restrictions.
Nucleotide sequence determination of 16S rRNA gene
One or two representatives from each group of RFLP pattern were
sequenced to determine a partial 16S rRNA nucleotide sequence.
16S rRNA gene amplicons were purified using Microcon-100
concentrators (Amicon) and sequenced directly using the ABI
PRISM BigDye vs. 3.1 Terminator Cycle sequencing kit, according to
the manufacturer’s instructions. Sequences were read with an
automatic sequence analyzer (ABI PRISM 3730 DNA Sequencer,
Applied Biosystems). The primer used for sequencing the clones was
16F27. Approximately the first 700 nucleotides of 16S rDNA were
sequenced and analyzed.
Phylogenetic analysis of the 16S rRNA gene
Partial 16S rRNA sequences were initially compared with reference
sequences at NCBI (http://www.ncbi.nlm.nih.gov) using BLAST,
and were subsequently aligned with 16S rRNA reference sequences
in the ARB package (http://www.arb-home.de). Phylogenetic trees
were inferred by neighbor-joining, using the Jukes and Cantor
model to estimate evolutionary distances. For each phylogenetic
group, a specific filter was used, with minimum homology set at
50%.41 Sequences were then screened for possible chimeras with
CHIMERA-CHECK.42 Confirmed chimeric sequences were ex-
cluded from further analysis. Clones were assigned to the closest
phylogenetic branches. All sequences obtained in this study were
submitted to GenBank, and are available under Accession numbers
AM087472–AM087547. Accession numbers for each 16S rDNA
sequence are indicated in Table 1.
Diversity indices
The Shannon index, a diversity index for statistical estimation of
bacterial diversity, was calculated as described by Hughes et al.43 and
Hill et al.44 It correlates both richness and relative phylotype
abundance. Phylotype abundance and dominance are indicated by
the evenness index and by the Simpson’s index. Phylotype richness
(d) and coverage index (C) were also calculated. Rarefaction index is
another approach, in which the number of phylotypes found is
compared with the number predicted by a computer model
(Analytic rarefaction 1.3; www.uga.edu). This program also
estimates the maximal phylotype richness in the community, E(S).
To have an estimate of the total number of phylotypes or species
present, the SChao1 estimator
45 is calculated.
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